We studied the effects of phosphate fertilization and inoculation with the arbuscular mycorrhizal fungi Glomus mosseae (Nicol. and Gerd.) Gerdmann and Trappe, Glomus intraradices Schenck and Smith or Glomus viscosum Nicolson on shoot apical growth of plantlets that had been micropropagated from MM 106 apple (Malus pumila L.) and Mr.S. 2/5 plum (Prunus cerasifera Ehrh.) rootstocks. Unfertilized and non-mycorrhizal plantlets showed no apical growth during the post in vitro acclimation phase, whereas P fertilization induced early resumption of shoot apical growth. Growth enhancement and percentage of actively growing apices of mycorrhizal-inoculated plantlets were comparable to those obtained in plantlets fertilized with P. Furthermore, tissue P concentrations of mycorrhizal plantlets were similar to those of plantlets fertilized with P. We conclude that mycorrhizal inoculation can be used as a biotechnological tool to overcome blocked apical growth and to reduce chemical inputs, especially P inputs, to micropropagated fruit trees.
Introduction
Many fruit tree species are dependent on arbuscular mycorrhizal (AM) infection for survival and growth (Timmer and Leyden 1978 , Covey et al. 1981 , Powell and Santhanakrishnan 1986 , Schubert and Cammarata 1986 . Moreover, mycorrhizal fruit trees have enhanced tolerance to biotic and abiotic stresses (Menge et al. 1978 , Davis and Menge 1980 , Guillemin et al. 1994a , 1994b . Improved growth of mycorrhizal plants is often related to more efficient uptake of nutrients, especially phosphorus (P), from soil Gianinazzi 1986, Bolan 1991) . Higher rates of P uptake and higher tissue P content have been reported in mycorrhizal plants compared to controls (Sanders and Tinker 1973 , Smith 1982 , Giovannetti et al. 1988 , Son and Smith 1988 , Morin et al. 1994 . Depending on host plant--AM fungus combinations and pedoclimatic conditions, different amounts of P are necessary to obtain growth increments comparable to those observed in mycorrhizal plants (Hoepfner et al. 1983 , Geddeda et al. 1984 , Johnson 1984 .
Micropropagation is an excellent tool for rapid production of homogeneous, genetically improved fruit trees (George and Sherrington 1984) . However, this technique reduces or even eliminates the population of beneficial microorganisms in the soil, such as mycorrhizal fungi and plant growth-promoting rhizobacteria, at least during the early stages of post in vitro acclimation. This phase is a critical step in the micropropagation cycle Concetti 1984, Debergh and Zimmerman 1992) , and the lack of beneficial microorganisms can adversely affect survival and growth of in vitro-produced plantlets (Pons et al. 1983) . Previous studies have shown that inoculation with AM fungi at the time that micropropagated plantlets are transplanted from axenic to in vivo conditions significantly improves survival and growth (Ravolanirina et al. 1989a , 1989b , Guillemin et al. 1991 , Branzanti et al. 1992 , Fortuna et al. 1992 , Hooker et al. 1994 , Sbrana et al. 1994 . However, the mechanism by which mycorrhizae enhance survival and growth of plantlets is not known. We have tested the hypothesis that mycorrhizae promote renewed shoot apical growth of micropropagated plants by improving P nutrition.
Materials and methods

Plant material
In vitro-derived shoots of Mr.S. 2/5 plum rootstock, a selection of Prunus cerasifera Ehrh., were propagated on an MS proliferation medium (Murashige and Skoog 1962) , modified as previously described (Morini et al. 1990 ). Rooting was obtained by reducing macronutrient concentration by half and replacing growth regulators in the medium with 0.4 mg l −1 IBA. In vitro-derived shoots of MM 106 apple rootstock, a selection of Malus pumila L., were propagated on DKW proliferation medium (Driver and Kuniyuki 1984) . Rooting was obtained by reducing macronutrient concentration by half and adding 162 mg l −1 phloroglucinol to the substrate (James and Thurbon 1981) ; growth regulators were replaced as described for Mr.S. 2/5. After 3 weeks in rooting medium, Mr.S. 2/5 microplants with 3--5 roots each 1--2 cm in length and MM 106 microplants with 5--7 roots each 2--3 cm in length were transplanted to 0. After four months, pot cultures were harvested and the infested soil, containing infected root fragments, extramatrical mycelium and fungal spores as infective propagules, was checked for purity. The inoculum potentials of the different fungal species were balanced by using a large quantity of inoculum, corresponding to a third of the pot substrate (Lioi and Giovannetti 1987) .
Mr.S. 2/5 micropropagated plantlets
We studied the effects of three P concentrations and mycorrhizal inoculation with G. mosseae or G. intraradices on renewed shoot growth of Mr.S. 2/5 micropropagated plantlets. During the initial post in vitro acclimation phase in the glass boxes, control and inoculated plants received 5 ml per pot of Hoagland solution without phosphate. Three groups of uninoculated plants were fertilized with Hoagland solution containing 31, 62 or 93 ppm of P. Each treatment consisted of 30 replications and each replication consisted of one plant per pot. The pots were arranged randomly in the glass boxes. After 2 months, eight plants from each treatment were harvested and the remaining plants were transplanted to 1-liter pots containing autoclaved sandy soil. The pots were randomly arranged in a naturally illuminated greenhouse. Each pot was fertilized once a week with 50 ml Hoagland solution containing the designated concentration of P. Thus, during the 4-month acclimation period in the greenhouse, each plant received 1.5 (P1), 3.1 (P2) or 4.6 (P3) mg of P per week. Four months after the plants were transferred to the greenhouse, 20 plants per treatment were harvested. The experiment was performed during the spring--summer season. In another study, the effect of P fertilization on shoot apical growth was examined by increasing the frequency of fertilization from once to twice a week. In addition, the plantlets were transferred from the glass boxes to the greenhouse after 1 month. Therefore, during the acclimation phase in the greenhouse, each plant received 3.1 (P4), 6.2 (P5), or 9.3 (P6) mg of P per week. Each treatment consisted of 20 replications and each replication consisted of one plant per pot. The pots were arranged randomly in the greenhouse. Three months after the plants were transferred to the greenhouse, the final harvest was carried out on 10 plants per treatment. The experiment was performed during the summer season.
MM 106 micropropagated apple plantlets
In an experiment similar to those described for Mr.S. 2/5 micropropagated plantlets, we studied the effects of three P concentrations and mycorrhizal inoculation with G. mosseae or G. viscosum on renewed shoot growth of MM 106 micropropagated apple plantlets. Phosphorus fertilization was applied twice per week and the plantlets were transplanted to the greenhouse after a 1-month post in vitro acclimation period in glass boxes. Thus, during the 5-month acclimation period in the greenhouse, each plant received 3.1 (P4), 6.2 (P5) and 9.3 (P6) mg of P per week. Twenty replicate plants (one plant per pot) were used for each treatment and the pots were arranged randomly on the greenhouse bench. Six months after the beginning of the trial, the final harvest was carried out on 10 plants per treatment. The experiment was performed during the summer season.
Measurements
The plantlets consisted of a stem with leaves and no laterals. After transplanting to the greenhouse, the percentage of plants with actively growing apices (forming new leaflets) in each treatment was recorded every month. At each harvest, shoot and root fresh weights (g), shoot height (cm), leaf area (cm 2 ) and number of leaves were recorded, and root and shoot dry weight determined after drying to constant weight at 70 °C. Percentage of mycorrhizal root length was assessed using the grid-line intersect method (Giovannetti and Mosse 1980) after staining the roots with 0.05% trypan blue in lactic acid (modified from Phillips and Hayman 1970) . Samples of dry material (1 g) were wet-digested with H 2 SO 4 and HClO 4 and phosphorus content was determined spectrophotometrically by the phosphomolybdic method (Watanabe and Olsen 1965) . Three replicate determinations were conducted. Experimental data were analyzed statistically by a one-way analysis of variance and means were separated by Duncan's test. Survival percentage and percentage of actively growing apices were analyzed by the χ 2 test.
Results
Effects of P and mycorrhizal inoculation on renewed shoot apical growth of Mr.S. 2/5 plum rootstock
Survival of plantlets of Mr.S. 2/5 plum rootstock was not affected by mycorrhizal inoculation or P fertilization. After one month in the greenhouse, survival rate of plantlets was 100% in all treatments, except in plantlets inoculated with G. intraradices, where it was 93.3%. After two months in glass boxes, all growth parameters of mycorrhizal and fertilized Mr.S. 2/5 plum rootstock plants, except shoot height, were statistically higher than those of control plants. Shoot fresh and dry weights and leaf area were higher in plants receiving 4.6 mg of P per week (P3 treatment) than in mycorrhizal plants (Table 1) .
During the early stage of acclimation, many Mr.S. 2/5 plants showed no shoot apical growth, and even after 2 months, the percentage of plants with actively growing apices was low in all treatments (Figure 1 ). Subsequently, percentages of actively growing apices increased both in mycorrhizal plants and in P2-and P3-treated plants, whereas values in control and P1-treated plants remained low throughout the 6-month experimental period. After one month in the greenhouse, the percentages of actively growing apices in G. mosseae-and G. intraradices-colonized plants were 90 and 100%, respectively, whereas the percentages of actively growing apices in P2-and P3-treated plants were 35 and 57%, respectively. In subsequent months, only the mycorrhizal plants showed apical growth renewal and the percentage of actively growing apices decreased markedly in all P-treated plants.
After 4 months in the greenhouse, fresh and dry weights of shoots, shoot height and leaf number were significantly greater in mycorrhizal plants than in plants of other treatments (Table 2). Although the growth parameters of P-treated plants were greater than those of control plants, they were significantly lower than those of mycorrhizal plants. In contrast, root fresh and dry weights of P2-and P3-treated plants were comparable to those of G. intraradices-and G. mosseae-colonized plants, respectively. Growth responses of plants colonized with G. mosseae were greater than those of plants colonized with G. intraradices, although percentage mycorrhizal infection did not differ between the treatments.
Among the treatments, mycorrhizal plants had the highest shoot P concentration and G. mosseae-colonized plants had Table 1 . Growth parameters and percentage AM colonization 2 months after in vivo transplanting of Mr.S. 2/5 micropropagated plants inoculated with Glomus mosseae or Glomus intraradices or fertilized weekly with 0 (Control), 1.5 (P1), 3.1 (P2) or 4.6 (P3) mg of P per plant per week. Values in columns followed by the same letter do not differ significantly (P = 0.05). higher tissue P concentrations than G. intraradices-colonized plants. There were no statistically significant differences in tissue P concentrations between control and P1-and P2-treated plants (Table 2) . Doubling the availability of P had no significant effect on survival of Mr.S. 2/5 micropropagated plants one month after transplanting. Only about 20% of the plants had actively growing apices (Figure 2 ). In the following months, renewed apical growth was observed in mycorrhizal plants and in P5-and P6-treated plants. Shoot apices of control and P4-treated plants did not resume growth during the 3-month period in the greenhouse. By September, the control plants appeared dead and were not harvested. The final harvest was performed at the end of September, when the plants of all treatments were fully dormant. The P5 and P6 treatments enhanced growth to about the same extent as observed in plants inoculated with mycorrhiza ( Table 3) .
The increase in tissue P concentration paralleled the amount of P supplied and was similar in P5-and P6-treated plants and in mycorrhizal plants (Table 4 ). Shoot and root P concentrations were significantly higher in G. mosseae-colonized plants than in G. intraradices-colonized plants, whereas the growth responses were significantly greater in G. intraradices-colonized plants than in G. mosseae-colonized plants.
Effect of P and mycorrhizal inoculation on renewed shoot apical growth of MM 106 apple rootstock
Use of phloroglucinol in the rooting medium stimulated rooting. The percentage of rooted microcuttings was 97.4%, but there was abundant production of callus (James and Thurbon 1981) , which caused high mortality (about 40%). However, there were no significant differences in survival between treatments. After one month in the glass boxes, only about 20% of the plants were actively growing (Figure 3 ). Shoot apices of control plants failed to resume growth and only about 15--25% of P4-treated plants showed actively growing apices during the period in the greenhouse. In contrast, 2--3 months after the beginning of the trial, a high percentage of plants inoculated with G. mosseae or G. viscosum had actively growing apices. Near the end of the growth period in the greenhouse, the P5-and P6-treated plants had the highest number of actively growing shoot apices.
At the final harvest, shoot fresh and dry weights of P5-and P6-treated plants were similar to those of G. mosseae-and G. viscosum-colonized plants (Table 5) , whereas root fresh and Table 2 . Growth parameters, phosphorus concentration and percentage AM colonization 6 months after in vivo transplanting of Mr.S. 2/5 micropropagated plants inoculated with Glomus mosseae or Glomus intraradices or fertilized weekly with 0 (Control), 1.5 (P1), 3.1 (P2) or 4.6 (P3) mg of P per plant per week. Values in columns followed by the same letter do not differ significantly (P = 0.05). dry weights of G. mosseae-colonized plants were significantly larger than those of plants in all other treatments. Growth parameters of control and P4-treated plants were not statistically different. Percentage of mycorrhizal infection by the two endophytes was similar. Root P concentration of P-treated plants increased with increasing supply of P, whereas shoot P concentration did not differ among the P treatments (Table 4) . Concentrations of P in mycorrhizal and fertilized plants were significantly higher than in control plants.
Discussion
Mycorrhizal symbiosis induced early resumption of shoot apical growth during the post in vitro acclimation phase of micropropagated Mr.S. 2/5 plum and MM 106 apple plants. This effect was associated with improved P nutrition. Previous studies have shown that arbuscular mycorrhizal fungi can induce morphological (Berta et al. 1993 , Berta et al. 1995 , physiological (Johnson 1984) and biochemical (Allen et al. 1980 (Allen et al. , 1982 modifications in host plants. Recently, the influence of AM symbiosis on shoot apical growth of micropropagated fruit trees was reported (Fortuna et al. 1992 , Sbrana et al. 1994 , although the mechanisms involved were not investigated.
Only plants fertilized with high amounts of phosphate (6.2 and 9.3 mg of P per plant each week, P5 and P6 treatments, respectively) showed renewal of shoot apical growth comparable to that observed in mycorrhizal plants (cf. Hoepfner et al. 1983 , Geddeda et al. 1984 . Because mycorrhizal plants had the same tissue P concentrations as P5-and P6-treated plants, we conclude that renewal of shoot apical growth was related to tissue P concentration. In Mr.S. 2/5 plum plants, growth increments, percentage of actively growing apices and tissue P concentration increased with increasing P availability, and renewed shoot apical growth was observed when shoot P concentration ranged between 0.117 and 0.171% of dry weight, suggesting that the tissue P concentration must attain a threshold value for resumption of apical growth. In MM 106 apple plants, tissue P concentration of P-treated plants was similar regardless of the amount of P supplied, although tissue P concentration was greater in all P-treated plants than in control plants. It is possible that the difference between plantlets of Mr.S. 2/5 and MM 106 rootstocks in response to P fertilization is associated with different rates of uptake of phosphate. Uptake of phosphate differs among plant species and may also differ among cultivars of the same species (Barber and Thomas 1972 , Brown et al. 1977 . However, the involvement of other physiological processes in shoot apical growth renewal of mycorrhizal and P-treated plants, such as hormonal relationships, cannot be excluded (Allen et al. 1980 , 1982 , Edriss et al. 1984 , Radin 1984 . Different species of AM fungi differ in infectivity and effectiveness (Lioi and Giovannetti 1987, Ravnskov and Jakobsen 1995) . The AM fungus G. intraradices induced larger growth responses than G. mosseae in Mr.S. 2/5 plants two and four months after colonization. Six months after inoculation, however, G. mosseae-colonized plants had the greatest tissue phosphorus concentrations and growth responses. Glomus mosseae and G. viscosum differed markedly in their ability to improve root growth of MM 106 plants, but no differences were found in other growth parameters or in tissue P concentration.
We conclude that mycorrhizal inoculation in nursery production may represent a useful tool to overcome both inhibition of apical activity and stunted growth of plantlets and to reduce chemical inputs during the acclimation phase of micropropagated fruit trees. 
